Sepsis is a common complication among hospitalized patients, and its mortality rate remains high (40 to 60%) despite intensive modern treatment (3, 13, 31, 34) . The cause of the serious sequelae in patients with gram-negative sepsis has largely been ascribed to bacterial lipopolysaccharide (LPS) (20) . Glucose dyshomeostasis is among the most injurious metabolic disorders during endotoxemia, and profound hypoglycemia is commonly observed before death of endotoxin shock in humans and animals (2, 6, 7, 10, 11, 14, 15, 18, 19) . Wholebody glucose consumption has been demonstrated to be increased by 30 to 60% after LPS administration (18) . Macrophages have been implicated as possibly contributing to the hypoglycemia, since the most glucose consumption in vivo is observed in macrophage-rich organs (16, 18) , where LPS accumulates (8, 17) . However, the direct effect of LPS on the uptake of glucose by macrophages has not been fully understood.
The present study has been undertaken to investigate the kinetics of glucose uptake by LPS-stimulated macrophages. We have demonstrated that glucose consumption by murine peritoneal exudate macrophages is enhanced by LPS stimulation and that the enhancement is due to an acceleration of glucose influx into the macrophages. Northern (RNA) blot analysis with cDNA probes for five glucose transporter isoforms (GLUT1 to GLUT5) revealed that both LPS-stimulated and unstimulated macrophages express only GLUT1 and the level of GLUT1 mRNA increased by LPS stimulation. ; electrophoresis reagents and molecular weight standards from Bio-Rad Laboratories (Richmond, Calif.); other biochemical and molecular biological reagents from Sigma and Wako (Tokyo, Japan); cDNAs of GLUT1, 3, 4, and 5 from G. I. Bell (Howard Hughes Medical Institute, Chicago, Ill.); and rabbit anti-GLUT1 peptide antibodies (residues 478 to 492, TPEELFHPLGADSQV) from M. Saito (Hokkaido University, Sapporo, Japan).
MATERIALS AND METHODS

Reagents
Mice. Specific-pathogen-free C3H/HeN and C3H/HeJ mice (7 to 8 weeks old) were purchased from Clea Japan Inc. (Osaka, Japan). These mice were maintained in our animal colony and fed sterilized mouse chow and water, ad libitum, until use. The use of uninfected mice was essential because spontaneously activated macrophages show an enhanced cellular response similar to that induced by LPS (27, 28) .
Preparation of peritoneal macrophages. Macrophages were prepared from thioglycolate broth-elicited peritoneal exudate cells and cultured in RPMI 1640 medium supplemented with 0.2% NaHCO 3 , 10 mM N-2-hydroxyethylpiperazine-NЈ-2-ethanesulfonic acid (HEPES), 2 mM L-glutamine, 100 U of penicillin per ml, 100 g of streptomycin per ml, and 1% fetal calf serum (FCS-RPMI) as previously described (27, 28) . The LPS content in the medium was lower than 0.1 ng/ml as tested by the Toxicolor Test (Seikagaku Kogyo Co., Tokyo, Japan).
Measurement of glucose consumption. Monolayers of macrophages in FCS-RPMI (10 6 cells per ml per well) were stimulated with 0 to 100 ng of LPS per ml for various periods of 0 to 36 h. After incubation, the culture supernatants were collected. The concentration of glucose in the samples was determined by using the glucose CII test (Wako).
Measurement of glucose transport. The uptake of 2-deoxy-D-glucose (2-DG) by macrophages was measured by a modified method of Shimizu et al. (26) . In brief, macrophages cultured in FCS-RPMI (2 ϫ 10 6 cells per 2 ml per 35-mmdiameter dish) were stimulated with 0 to 100 ng of LPS per ml for 0 to 12 h and washed three times with HEPES-buffered saline solution (140 mM NaCl, 1 mM CaCl 2 , 5 mM KCl, 2.5 mM MgSO 4 , and 20 mM HEPES, pH 7.4). After incubation for 20 min in HEPES-buffered saline, [ DNA probes. The cDNA used in this study were as follows: rat GLUT1, a 0.4-kb BamHI fragment; mouse GLUT3, a 1.5-kb EcoRI-HindIII fragment; rat GLUT4, a 1.5-kb SacI-EcoRI fragment; rat GLUT5, a 2.2-kb EcoRI fragment; mouse GLUT2, a 0.5-kb fragment prepared by method based on the DNA PCR technique (25) using the first-strand cDNA that was reverse transcribed from macrophage RNA by avian myeloblastosis virus reverse transcriptase as a template and two GLUT2-specific primers (sense primer, 5Ј-TTAGCAACTGGGT CTTGCAAT-3Ј; antisense primer, 5Ј-GGTGTAGTCCTACACTCATG-3Ј) (30) .
Northern blot analysis of GLUT mRNA. Resting and thioglycolate brothelicited macrophages in FCS-RPMI (10 7 cells per 10 ml per 100-mm-diameter dish) were stimulated with 100 ng of LPS per ml for 1 to 12 h, washed with cold PBS, quickly frozen, and stored at Ϫ80ЊC for later RNA extraction. Ten micrograms of total RNA of each sample was run on 1% formaldehyde-agarose gels and transferred onto Hybond N ϩ nylon membranes. Hybridizations were performed using the GLUT probes labeled with [␥-32 P]dCTP by using an oligonucleotide labeling kit (Pharmacia).
Western blot analysis of GLUT1 protein.
Crude membrane fractions were obtained from macrophage lysates by centrifugation (28) . GLUT1 protein in the samples was detected by Western blot (immunoblot) analysis as previously described (28), using rabbit antiserum against the C-terminal peptide of GLUT1 and an enhanced chemiluminescence Western blot assay kit (Amersham).
Prestained sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) standards (Bio-Rad) were used as molecular weight standards.
RESULTS
Effect of LPS on glucose consumption and uptake by macrophages. The glucose consumption by LPS-stimulated macrophages increased two-to threefold compared with that of unstimulated macrophages, and the glucose in FCS-RPMI was almost completely consumed by 10 6 cells in 36 h (Fig. 1) . In parallel to the enhanced glucose consumption, the uptake of 2-DG by LPS-stimulated macrophages increased (Fig. 2) . The rate of 2-DG uptake reached a maximum after a stimulation period of 45 min with 50 ng of LPS per ml ( Fig. 2A) , and the maximum rate was sustained for 12 h during a prolonged stimulation (Fig. 2B) . The maximum rate of 2-DG uptake was observed with a wide range of LPS doses (Fig. 2C) . In contrast to the response of macrophages from C3H/HeN mice, little increase in 2-DG uptake was observed in macrophages from LPS-nonresponsive C3H/HeJ mice (Fig. 3) .
Expression of GLUT1 isoform in macrophages before and after LPS stimulation. The specificity of cDNA probes used in this study was first confirmed with RNA from kidney (GLUT1), liver (GLUT2), brain (GLUT3), muscle (GLUT4), and small intestine (GLUT5) (Fig. 4 , third lane of each upper panel). The expression of GLUT isoforms by macrophages was examined by using these isoform-specific cDNA probes. Only GLUT1 mRNA was detected in elicited peritoneal macrophages (Fig. 4, upper panels) . Resident macrophages were also found to express exclusively GLUT1 (data not shown). Western blot analysis using anti-GLUT1 antibody confirmed that GLUT1 protein is present in macrophages (Fig. 5) . LPS stimulation did not induce the expression of other GLUT isoforms in macrophages (Fig. 1) , while it increased the amount of GLUT1 mRNA in the macrophages (Fig. 6) . The enhanced level of GLUT1 expression was sustained as long as the LPS stimulation was continued. No such enhancement was observed in macrophages from C3H/HeJ macrophages (data not shown). 
DISCUSSION
Macrophages have been considered to contribute to the glucose dyshomeostasis during endotoxemia, since the most glucose consumption in vivo is observed in macrophage-rich organs (16, 18) . We have first confirmed by in vitro experiments that glucose consumption by purified murine macrophages is enhanced two-to threefold by LPS stimulation (Fig.  1) . Glucose consumption is affected by many factors, such as glucose transport and glycolysis. The transport of 2-DG was measured to reveal a major cause of the enhanced consumption of glucose by macrophages. Because 2-DG is transported into cells via GLUT and phosphorylated by hexokinase just as well as glucose but not degraded through glycolysis, the rate of glucose transport without contribution of glycolysis can be measured by using 2-DG. It has been found that 2-DG trans- port into macrophages is about twofold enhanced by LPS stimulation (Fig. 2) . Therefore, the increase in the rate of glucose transport is thought to be a primary cause of the enhanced glucose consumption by LPS-stimulated macrophages, although the activity of hexokinase may also be enhanced. The enhancement of glucose uptake by LPS-stimulated macrophages observed in this study is comparable to that by insulinstimulated adipocytes (26) .
Recently it has been shown that transport of glucose into cells is mediated by a family of five facilitative glucose transporters (GLUT1 to GLUT5) that exhibit considerable homology in primary sequences but distinct tissue-specific patterns of expression (9): GLUT1 is expressed mainly in fetal tissues, the brain, and erythrocytes; GLUT2 is expressed mainly in the liver, pancreatic ␤ cells, and the small intestine; GLUT3 is expressed mainly in the brain, placenta, and kidneys; GLUT4 is expressed mainly in skeletal muscle, heart, and adipocytes; and GLUT5 is expressed mainly in the small intestine. The differential expression of GLUT isoforms seems to reflect the unique kinetics of glucose utilization in their respective tissues. In the present study, we have examined GLUT expression in macrophages and found for the first time that murine macrophages express exclusively GLUT1. The pattern of GLUT expression by macrophages did not change during a prolonged stimulation with LPS, but the level of GLUT1 mRNA was enhanced after LPS stimulation (Fig. 5) . It is highly probable that this increase in mRNA results in the subsequent increase in GLUT1 protein in the macrophages, but we could not quantify the precise amount of the protein by Western blot analysis because of the broadness of the GLUT1 band on an SDS-PAGE gel (Fig. 5) , which is caused by the heterogeneity in glycosylation of GLUT1 (9) . However, it is very clear that GLUT1 is somehow involved in the enhanced glucose uptake by LPS-stimulated macrophages because GLUT1 is the only transporter of glucose in the macrophages (Fig. 4) . Chakrabarti et al. have recently reported that human peripheral blood lymphocytes normally express GLUT3, but after mitogen stimulation, GLUT1 expression is induced with a concomitant disappearance of GLUT3 from lymphocyte plasma membranes (4) . It is therefore conceivable that the GLUT1 of lymphocytes and macrophages confers a rapid supply of glucose on these cells to cope with emergencies.
It is generally recognized that the levels of activity of phagocytic and lymphoid cells, as well as brain cells, are tightly regulated by glucose supply (1, 29) . For example, depletion of glucose from the medium easily gives rise to a severe depression of interleukin-1␤ production by LPS-stimulated macrophages (23) . Under physiological conditions, an urgent requirement for glucose would readily be granted by an increased influx of glucose into macrophages (Fig. 2) . However, when endotoxemia is prolonged, progressive hypoglycemia is induced. It follows from the results shown in Fig. 1 that  10 6 LPS-stimulated macrophages consumed about 30 g of glucose in FCS-RPMI per h. This suggests that macrophages in liver will consume 20 g of glucose per day, well over the total amount of glucose in the blood, on the basis that the liver contains 3 ϫ 10 10 macrophages (Kupffer cells). In fact, GLUT1 mRNA in the liver has been shown to be markedly increased in endotoxin-treated rats (33) . While macrophages consume large amounts of glucose under endotoxemia in this way, they also produce interleukin-1 and tumor necrosis factor, and these cytokines in turn induce a variety of mediators, including catecholamines, histamine, bradykinines, insulin, prostaglandins, leukotrienes, and platelet-activating factors in the host (12, 22, 24, 32) . Many of these mediators are known to directly or indirectly affect glucose metabolism, and production of glucose by the liver may also be hampered. Eventually, a state of decompensation ensues; hypoglycemia progresses at an accelerated rate, leading to a fatal level.
Endotoxin shock and hypoglycemia do not occur in LPSnonresponsive C3H/HeJ mice (21) . We hypothesize that this lack of response may be due to the failure of their macrophages to respond to LPS by glucose uptake via GLUT1 (Fig.  4) . The precise mechanism of the enhanced glucose influx across macrophage membranes induced by LPS stimulation is not clear at present. Experimental results so far obtained in our laboratory suggest that two different mechanisms are involved in this enhancement: change in the intrinsic activity of GLUT1 during the early phase of stimulation and supply of GLUT1 during the late phase of stimulation.
